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GENETIC STRUCTURE IN POPULATIONS OF BAETIS TRICAUDATUS
IN THE SAN BERNARDINO MOUNTAINS
Brian Spitzer
ABSTRACT.—To examine genetic structure in populations of the mayfly Baetis tricaudatus and make inferences about
its dispersal abilities, I analyzed 3 microsatellite regions in individuals collected from 14 locations in the San Bernardino
Mountains of southern California. Genotypes separate into 2 strongly differentiated clusters, suggesting that B. tricaudatus
as currently recognized consists of more than one species. Within each cluster, there is significant genetic differentiation
among collection sites, but no significant trend of genetic isolation by distance. Heterozygote deficiencies exist at various sites for all loci. Gene flow appears to prevent isolation by distance across the 60-km stretch of the San Bernardino
Mountains under consideration. Wahlund effects may account for the observed heterozygote deficiencies.
RESUMEN.—Con el fin de examinar la estructura genética de las poblaciones de la efímera Baetis tricaudatus, de la
familia Baetidae, y hacer inferencias sobre su capacidad de dispersión, analicé 3 regiones micro-satélites con individuos
colectados de 14 localidades en las Montañas de San Bernardino, al sur de California. Los genotipos se separan en dos
grupos claramente diferenciados, lo que sugiere que B. tricaudatus, como se conoce en la actualidad, está formada por
más de una especie. Dentro de cada grupo, existe una diferenciación genética significativa entre los sitios de colecta,
pero no hay tendencia significativa de aislamiento genético relacionado con la distancia. Existen deficiencias de heterocigotos en varias localidades para todos los loci. El flujo génico aparentemente previene el aislamiento causado por distancia, tomando en consideración los 60 km de tramo de las Montañas de San Bernardino. El efecto Wahlund podría
explicar las deficiencias de heterocigotos observados.

Relatively little is known about the dispersal of freshwater invertebrates (Bunn and
Hughes 1997, Bohonak and Jenkins 2003), including mayflies. Both for the aquatic nymphal
stages and for the short-lived adults, direct
measurements of mayfly dispersal are difficult
to obtain, and they may not reveal the potential for gene flow across long distances. As an
illustration of this problem, in one study using
Malaise traps (Petersen et al. 2004), over 90%
of the trapped mayflies were captured within
60 m of their natal stream. This contrasts dramatically with a phylogenetic analysis (Monaghan et al. 2005) which revealed that mayflies
have bridged the 400-km oceanic gap between
Africa and Madagascar on multiple occasions.
Such disparities suggest that short-term direct
estimates of dispersal seriously underestimate
the potential effect of occasional long-distance
dispersal events.
Accordingly, most of our understanding of
mayfly dispersal is based on inferences drawn
from studies of population genetics, rather than
on direct measurements. However, few reliable
statements about mayfly dispersal have so far

emerged from these studies. While most
studies have documented genetic differentiation of some kind among sampling locations
(see review by Monaghan and Sartori 2009;
also see Stutz et al. 2010), observed levels of
genetic differentiation vary widely from one
mayfly species to the next, even when the
species are closely related or occupy the same
geographic area (e.g., Monaghan et al. 2002,
Peckarsky et al. 2005, Baggiano et al. 2011). It
is clear that studies conducted on a broader
range of species, under a broader range of ecological conditions, are necessary in order for
general patterns to emerge (Gibbs et al. 1998).
Population genetic structure reflects historical events, as well as present-day patterns of
dispersal (e.g., Castric and Bernatchez 2003,
Alexander and Lamp 2008). In their review of
how genetic information has contributed to our
understanding of mayfly ecology, Monaghan
and Sartori (2009) identify this ambiguity in
interpretation as one of the chief problems
limiting the applicability of genetic surveys to
the study of mayfly dispersal. This problem is
especially acute for certain kinds of genetic

1University of Redlands, 1200 E. Colton Ave., Redlands, CA 92373. E-mail: brian_spitzer@redlands.edu

434

2014]

GENETIC STRUCTURE IN BAETIS TRICAUDATUS

markers. Allozymes are often used to examine
the population genetics of stream insects (Bilton et al. 2001). However, because allozymes
are proteins, relatively few mutations establish
novel detectable alleles. Due to their slow rate
of evolution, allozymes are not especially well
suited to track present-day processes (Bossart
and Prowell 1998). Thus, population genetic
structure estimated from allozymes is more
likely to reflect historical events than is population genetic structure estimated from other
types of genetic marker. Additionally, selection
may act on allozymes, potentially making the
interpretation of population genetic patterns
difficult (Bohonak 1999).
Detectable changes occur more frequently
in mitochondrial DNA, but selection may
similarly occur on mitochondrial haplotypes.
In addition, because mitochondrial DNA is
generally only inherited maternally, population
genetic patterns revealed by mtDNA reflect
only the movements of females, which may be
different from those of males (Hughes et al.
2008). Furthermore, because estimates of
population structure based on mtDNA rely
on a single locus, they are likely to be more
biased than multiple-locus estimates (Peterson
and Denno 1998) and they are limited in their
inferential power (Zickovich and Bohonak
2007).
Microsatellite markers are considered good
tools for examination of small-scale geographic
structure in populations (Hardy 2003): they
are multilocus codominant markers; they tend
to feature high levels of variation at each locus;
and they are thought to be less affected by
selection than are allozymes. However, the
development of primers for microsatellite regions in the genome of a target species is costly
and time intensive, and only a few studies so
far have examined the population genetics of
mayflies using microsatellite markers (Gibbs
et al. 1998, Rebora et al. 2005).
I used a set of primers developed for microsatellite loci in the European mayfly Baetis
rhodani (Williams et al. 2002) to examine
genetic structure in the congeneric species
Baetis tricaudatus in the San Bernardino Mountains of southern California. The main goals
of this study were (1) to evaluate the utility of
primers developed for microsatellite regions
in Baetis rhodani for the elucidation of population genetic patterns in B. tricaudatus, and (2)
to document any large-scale genetic structure

435

in populations of B. tricaudatus across the San
Bernardino Mountains. My hypothesis was that
dispersal in this species, and therefore gene
flow, is sufficiently restricted at scales of tens
of kilometers that a pattern of genetic isolation
by distance (IBD) would be detectable across
the San Bernardino Mountains.
METHODS
Study Area
The San Bernardino National Forest covers
over 273,000 ha in southern California (USDA
Forest Service 2007), with the northern division almost entirely within San Bernardino
County. This northern division contains almost
all of the San Bernardino Mountains, which
are the easternmost mountains of the Transverse Ranges. The San Bernardino Mountains
run roughly 90 km from east to west. Cajon
Pass, at the western end, is at an elevation of
about 900 m asl; to the east, the highest point
is Mount San Gorgonio, at 3500 m asl. The
southern face of the San Bernardino Mountains, which is where most of the sample sites
for this study are located, falls to the Santa
Ana basin, which is a heavily settled, largely
flat bowl at 400–600 m asl. The mountains
themselves are rugged and dry. On average,
most of the area receives 50–75 cm of precipitation annually (WRCC 2012), mostly as
snow. Flow can be very high during spring
snowmelt in many of the mountain streams,
but these streams may dwindle to a trickle
during summer and fall.
Study Organism
Baetis tricaudatus is one of the most common stream invertebrates in the San Bernardino Mountains (personal observation). The
species occurs at elevations up to more than
3000 m asl. (Rader and Ward 1987). Nymphs
can be abundant in small- to intermediatesized streams, where they prefer relatively
fast-moving water (Kohler 1984). Baetis tricaudatus feeds on particulate matter deposited on
the surfaces of stones (Culp and Scrimgeour
1993), consuming a variety of diatoms as well
as some green algae and detritus (Koslucher
and Minshall 1973, Short 1983, Fuller et al.
1986). The species is bivoltine in the northern
United States and Canada (Kohler 1984, Culp
and Scrimgeour 1993), with adults emerging
in the spring and summer. Emergence does

436

WESTERN NORTH AMERICAN NATURALIST

[Volume 74

Fig. 1. Map showing the 14 collection sites in the San Bernardino National Forest, California. The stream systems that
connect these sites are highlighted.

not appear to be highly synchronized, as it is
in some mayfly species (personal observation).
Baetis tricaudatus nymphs are a common
component in stream drift (Brusven 1970,
Ciborowski 1983), and Baetis nymphs are
known to disperse long distances in this
fashion (Lancaster et al. 2010). Adults in the
genus Baetis are small and are not thought
to be strong flyers (Hughes et al. 2003b, Monaghan et al. 2005), although mating swarms
can form far from streams (Peckarsky et al.
2005), suggesting a willingness and ability for
adults to travel away from their natal stream.
After mating, females in the genus Baetis
generally fly upstream to find a suitable site
for oviposition (Peckarsky et al. 2005). Direct
observations of adult Baetis dispersal have
documented flight distances on the order of
1–2 km (Bilton et al. 2001, Monaghan et al.
2001).
Traditional taxonomists considered B. tricaudatus a good species. However, since the
collection of data for this study, a survey of
mitochondrial haplotypes at the CO1 locus
found that mayflies identified as Baetis tricaudatus in the nearby San Gabriel Mountains
separate into 2 very distinct groups, suggesting the possibility of at least 2 cryptic species
(Webb et al. 2012). For the sake of simplicity, I
will refer to my samples as Baetis tricaudatus,

but there is uncertainty about the taxonomic
status of this species or species complex.
Procedures
For this study, mayflies were collected from
14 sites in the San Bernardino National Forest,
chiefly on the southern half of the San Bernardino Mountains (Fig. 1). Relatively large
permanent streams were chosen as sample
sites to ensure that all populations sampled
had relatively similar histories; for example,
streams that ran completely dry during the
very dry summer of 2007 were avoided. The
sites were as close to one another as 1.8 km,
with 62 km separating the 2 most distant sites.
Mayflies were collected at the sampling
sites by placing a D-net in the stream and
disturbing rocks and vegetation upstream
from the net. Individuals were captured with
forceps and placed directly in 80% ethanol.
After they were identified in the lab, 20 individuals from each of the 14 sampling sites
were selected haphazardly for analysis. Each
individual was homogenized with 75 mL of
buffer (100 mM NaCl, 10 mM Tris at pH 8.0,
1 mM EDTA at pH 8.0) and incubated with
20 mg of proteinase K at 37 °C for 30 min, followed by 5 min at 95 °C. Extraction of DNA
followed the procedure described by Meeker
et al. (2007).
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Microsatellite regions were amplified with
4 of the primer sets developed by Williams et
al. (2002): Brh-1, Brh-2, Brh-4, and Brh-7. The
mayflies in our sampling area proved to have a
high frequency of null alleles for primer set
Brh-2; this primer set is therefore not considered in this analysis, and will not be discussed further.
All PCR reactions were conducted in 20 mL
tubes in a PTC-200 DNA Engine (Bio-Rad,
Hercules, CA). For primer set Brh-1, each
reaction consisted of 20 mL final volume, containing 1.0 mL of extracted DNA solution, 10
mM Tris-HCl, 50 mM KCl, 0.5 mg BSA (Applied Biosystems, Foster City, CA), and 1.5
mM MgCl2, with 200 mM of each dNTP and
1.0 units of Taq DNA polymerase (Qiagen,
Valencia, CA). Reactions for Brh-4 and Brh-7
contained 3.0 mM MgCl2. Primers (Integrated
DNA Technologies, Coralville, IA, and Applied
Biosystems, Foster City, CA) were included at
concentrations of 0.25 mM, 0.20 mM, and 0.30
mM for primer sets Brh-1, Brh-4, and Brh-7,
respectively.
Fragments amplified in these PCR reactions were run on 4%–8% discontinuous polyacrylamide gels and visualized with ethidium
bromide. Successful amplifications were multiplexed and subjected to fragment analysis
at the City of Hope DNA Sequencing Lab
on a Hitachi AB Model 3730 DNA Analyzer. I
examined chromatographs in Applied Biosystems’ Peak Scanner v.1.0 (Carlsbad, CA) and
scored each genotype manually. Genotypes
were interpreted conservatively, with missing
data recorded for loci for which peaks were
weak or unclear. Six individuals presented
unclear genotypes at all 3 loci and were eliminated entirely from the analysis, but data was
obtained for at least one locus for all of the
other 274 individuals.
Data Analysis
General statistical tests were performed in
NCSS 07.1.14 (NCSS, LLC, Kaysville, UT). I
tested for linkage disequilibrium between each
pair of loci within each sample using Genepop
4.1 (Rousset 2008), employing the following
Markov chain parameters: 10,000 dememorizations, 20 batches, and 5000 iterations per
batch. I also used Genepop 4.1 to test for linkage disequilibrium across all samples.
Because of the possibility that Baetis tricaudatus is a species complex rather than a single
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panmictic species, I used the program Structure 2.3 (Pritchard et al. 2000) to look for distinct clusters of individuals in my data set. I
analyzed the data assuming both (1) no admixture among groups and uncorrelated allele
frequencies among groups, and (2) admixture
and correlated allele frequencies (Falush et
al. 2003). I ran these analyses both with and
without the use of sampling locations to make
inferences about group membership (Hubisz
et al. 2009). For all analyses, 10,000 steps
were used as a burnin period, with 100,000
MCMC repetitions after burnin. I employed
the method suggested by Evanno et al. (2005)
to evaluate how many genuine clusters of
individuals occur in my data.
Analyses with Structure 2.3 revealed the
presence of 2 clear clusters of individuals.
Analyses under some conditions suggested that
the larger of the 2 clusters should be divided
into 2 groups, but the evidence for this division was weak and inconsistent. I proceeded
on the assumption of 2 relatively independent
populations. Individuals classified by Structure
2.3 into one of the clusters with a posterior
Bayesian probability Q of at least 0.90 were
grouped together for all subsequent analyses;
individuals with no Q greater than 0.90 were
not included in these analyses. All subsequent
analyses analyzed individuals broken down
by cluster and by sampling location. When a
cluster-by-location combination had a sample
size of <5 individuals, those individuals were
eliminated from further analyses; this resulted
in the elimination of 6 individuals.
For each of the 2 clusters, I used GenAlEx
6 (Peakall and Smouse 2006) to obtain basic
descriptive statistics for the mayflies from
each sampling location. I obtained FIS values
for each location (overall and broken down
by locus) from FSTAT 2.9.3.2 (Goudet 2001).
I applied a sequential Bonferroni correction
(Rice 1989) to these P values to keep the
nominal overall probability of a Type I error at
0.05. In order to test for differentiation among
locations, complete genotypes were randomized
10,000 times among locations; random mating within locations was not assumed. The test
statistic applied was log-likelihood G (Goudet
et al. 1996).
FST values for each pair of locations within
each cluster were obtained using GenAlEx 6.
P values for these statistics were obtained from
randomization tests using 9999 randomizations.
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To control the overall probability of a Type I
error, I applied the modified FDR correction
proposed by Benjamini and Yekutieli (2001),
which is less prone to Type II errors than is a
sequential Bonferroni correction. This correction was developed to be suitable for situations when tests are not independent, and it
is therefore particularly suitable for the present case. I used the Isolation by Distance
Web Service (Jensen et al. 2005) to perform a
Mantel test (10,000 randomizations) to estimate the slope and intercept for the correlation between genetic distance, expressed as
FST/(1 − FST) (Rousset 1997), and straight-line
geographic distance, expressed on a log scale.
A similar test of isolation by distance was
performed using distances along the stream
network between sampling locations, rather
than straight-line geographic distances. The
distance between sites which were not connected by streams was arbitrarily set to 100 km,
a value larger than any of the observed distances. For each of the 3 loci within each of the
2 clusters, I used chi-square tests of nonindependence to determine whether individuals
with unscoreable genotypes were clumped
geographically.
RESULTS
Utility of Primers from Baetis
rhodani in Baetis tricaudatus
In 87 of 690 possible instances, genotypes
were recorded as unscoreable. These difficulties are perhaps unsurprising given that my
microsatellite primers were developed in
another species (Chapuis and Estoup 2007),
and given that Baetis tricaudatus in my sampling area is probably not a good taxonomic
species. Unscoreable genotypes at each of the
3 loci tended to occur together geographically
(P < 0.11 in all 6 cases; in 4 cases, P < 0.05),
particularly for the second of the 2 clusters
identified by the program Structure; for example, 100% of individuals in the second cluster
at 2 locations could not be scored for primer
set Brh-4. Such patterns strongly suggest the
possibility of null alleles. Scoring of alleles for
one of my markers (Brh-1) was complicated
by the fact that a strong band reliably appeared in all individuals at 216 base pairs,
within the range of sizes (174–238 base pairs) of
observed microsatellite bands. It is almost
inevitable that some true microsatellite alleles
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at 216 base pairs were obscured by this artifactual band, which therefore functioned in
some cases as a null allele.
Taxonomic Status of Baetis tricaudatus
in the San Bernardino Mountains
Most individuals sampled (187) were assigned by Structure to one cluster at Q ≥ 0.90,
and a smaller number (47) were assigned to
a second cluster. The alleles present at each
location for each of these clusters are shown in
Fig. 2. Population genetic parameters for the
samples from each location for each cluster
are given in Table 1. Only one location (Middle Control Road) had more than 5 individuals
representing both clusters, but the locations
dominated by a given cluster were not grouped
together geographically. Most of the individuals that could not be clearly assigned to one
cluster or the other were missing data at at
least one locus, but a number of individuals
with genotypes at all 3 loci also had relatively
low scores for Q. This, and the fact that Structure outputs suggest a slightly higher likelihood for models assuming the possibility of
admixture, are perhaps weak evidence that
these 2 clusters of individuals are not completely separated from one another genetically.
However, even when scores for Q as low as
0.5 are considered, the 2 clusters remain quite
distinct, with few alleles shared between them
(data not shown). Because sample sizes (and
therefore statistical power) are quite small for
the second of these 2 clusters, I report P
values which approach significance (P < 0.10)
for this cluster.
Genetic Structure in Baetis tricaudatus
in the San Bernardino Mountains
According to the randomization test employed by FSTAT, the samples from different
locations within the first cluster are significantly differentiated from one another genetically (P = 0.0001). When all 3 loci are considered together, 29 of the 55 pairwise FST
values are significant under the modified
FDR correction of Benjamini and Yekutieli
(2001) (Table 2). FSTAT also suggests that the
samples from different locations in the second
cluster are significantly different at the P =
0.0001 level. Five of the 6 pairwise FST values
are significant under the modified FDR correction of Benjamini and Yekutieli (2001)
(Table 3).
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Fig. 2. Allele frequencies for loci Brh-1 (A), Brh-4 (B), and Brh-7 (C) from Baetis tricaudatus in the San Bernardino
Mountains. Only individuals assigned to one of the 2 clusters with a posterior probability Q ≥ 0.90 are shown. Sites are
arranged from west to east (see Fig. 1). Bubble sizes indicate the number of each allele found at a particular sampling
site. Dark bubbles indicate the larger first cluster of individuals, and white bubbles indicate the smaller second cluster
of individuals.

For the larger cluster, no trend toward
isolation by distance exists, whether distance
is measured in a straight line between locations (r = –0.143, P = 0.8) or along the stream

network between locations (r = –0.031, P =
0.6). For the smaller second cluster, there is a
trend toward isolation by distance, but it only
approaches significance. This is true whether









Cluster 2
19
16
17
13
12
15
16
19
16
16
15
5
20
11
20

N
6.33 (0.58)
5.33 (2.08)
5.67 (2.08)
6.67 (1.53)
6.33 (2.08)
4.33 (1.53)
5.00 (2.00)
8.67 (4.16)
4.33 (1.53)
7.33 (3.06)
7.00 (3.00)
4.00 (1.41)
7.33 (3.06)
5.50 (0.71)
8.00 (3.61)

Nall
5.52 (0.85)
3.94 (1.61)
4.91 (1.80)
5.77 (1.10)
5.45 (1.57)
3.81 (0.81)
4.52 (1.83)
6.28 (2.29)
3.83 (1.05)
6.20 (2.24)
6.06 (2.33)
4.00 (1.41)
5.83 (2.17)
4.19 (0.11)
5.84 (1.90)

Allelic richness
0.792 (0.108)
0.556 (0.324)
0.727 (0.131)
0.751 (0.145)
0.737 (0.097)
0.627 (0.184)
0.696 (0.152)
0.770 (0.125)
0.654 (0.133)
0.815 (0.103)
0.819 (0.105)
0.725 (0.106)
0.764 (0.183)
0.707 (0.010)
0.764 (0.183)

Genetic diversity
0.542 (0.178)
0.530 (0.408)
0.511 (0.090)
0.630 (0.122)
0.639 (0.127)
0.476 (0.412)
0.538 (0.149)
0.582 (0.083)
0.587 (0.19 2)
0.548 (0.351)
0.389 (0.192)
0.700 (0.503)
0.531 (0.247)
0.449 (0.313)
0.531 (0.247)

HO
0.744 (0.084)
0.537 (0.315)
0.695 (0.134)
0.712 (0.125)
0.702 (0.087)
0.583 (0.185)
0.668 (0.147)
0.742 (0.115)
0.624 (0.145)
0.773 (0.096)
0.781 (0.102)
0.650 (0.127)
0.738 (0.173)
0.657 (0.010)
0.738 (0.173)

HE

0.404*
0.048
0.345*
0.255*
0.109
0.240
0.252*
0.296*
0.217
0.300*
0.302*
0.034
0.305*
0.365*
0.305*

FIS

Applewhite
Bailey Canyon
Waterman Canyon
Borea Canyon
Hooks Creek
Deep Creek
Bear Creek
Mountain Home
Creek
Middle Control
Road
Alger Creek
S.F. Santa Ana

*
—
0.101
0.033
0.086
0.029
0.044
0.079

0.146

0.048
0.083

0.017

0.007
0.025

Bailey
Canyon

—
0.077
0.000
0.056
0.000
0.024
0.008
0.000

Applewhite

0.024
0.018

0.028
0.056

0.108

*
*
*
—
0.106
0.024
0.052
0.049

Borea
Canyon

0.033
0.070

0.060

*
—
0.039
0.014
0.018

*

Hooks
Creek

0.000
0.054

0.088

*
—
0.019
0.031

*

Deep
Creek

0.078
0.001

0.000

—
0.013

*

*

Bear
Creek

0.158
0.008

0.014

—

*

*

Mountain
Home Creek

0.069
0.034

—

*
*
*
*

*

Middle
Control Road

—
0.039

*

*
*

*

Alger
Creek

*
—

*
*
*
*
*

*

S.F.
Santa Ana
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0.001

*
—
0.074
0.030
0.040
0.026
0.000

Waterman
Canyon

TABLE 2. Genetic differentiation among samples in the first cluster of individuals. The lower hemimatrix contains FST values between samples, with negative values for FST
corrected to zero. Corresponding cells in the upper hemimatrix denote significance levels: an asterisk (*) denotes significance according to the modified FDR method of Benjamini and Yekutieli (2001).

*Significant according to a sequential Bonferroni correction.

















Cluster 1

Applewhite
Blue Cut
Bailey Canyon
Waterman Canyon
Borea Canyon
S.F. City Creek
Hooks Creek
Deep Creek
Bear Creek
Mountain Home Creek
Middle Control
Road
Alger Creek
Falls Creek
S.F. Santa Ana

Site

TABLE 1. Genetic parameters of Baetis tricaudatus collected from each sampling location. Dark circles denote samples of individuals assigned to cluster 1; white circles denote
samples of individuals assigned to cluster 2. Except for N and FIS, entries are means across loci, with standard deviation in parentheses. For Middle Control Road and Falls Creek,
allelic richness could only be calculated for 2 loci for cluster 2.
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S.F. City
Creek

Falls Creek

Blue Cut
Blue Cut
S.F. City Creek
Middle Control
Road
Falls Creek

Middle
Control Road

TABLE 3. Genetic differentiation among samples in the
second cluster of individuals. The lower hemimatrix contains FST values between samples, with negative values
for FST corrected to zero. Corresponding cells in the
upper hemimatrix denote significance levels. An asterisk
(*) denotes significance according to the modified FDR
method of Benjamini and Yekutieli (2001).

—
0.167
0.370

*
—
0.172

*
*
—

*
*

0.389

0.178

0.000

—

considering straight-line distance (r = 0.870,
P = 0.085) or distance along the stream network r = 0.699, P = 0.085).
For both clusters, when values for FIS are
broken down by locus and by sampling location, many of these values are significantly
higher than would be expected if each sample
were at Hardy–Weinberg equilibrium (Table
1), but there is considerable variation across
loci and sample sites. The frequency with
which unscoreable individuals occur at a particular locus at a sampling location has no
significant relationship with the FIS value for
that location and locus for the first cluster
of individuals (P > 0.20 in all 3 cases), but this
relationship does approach significance for
one locus for the second cluster of individuals
(Brh-1: P = 0.09). Individuals in the first cluster that were homozygous at one locus were
not unusually likely to be homozygous at other
loci (c26 = 4.05, P = 0.67). The same was true
for the second cluster of individuals (c26 =
10.3, P = 0.11). No linkage disequilibrium was
detected, either when individuals were split
into clusters or when all individuals were considered together (P > 0.9 for all cases).
DISCUSSION
The fact that the individuals in my samples
split into 2 clusters strongly suggests that the
mayfly currently recognized as Baetis tricaudatus in the San Bernardino Mountains is not
a single cleanly delineated species. It seems
likely that B. tricaudatus in this area consists
of at least 2 distinct species. Indeed, some of
the FST values reported here are high enough
that more than 2 cryptic species are possible.
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The fact that the 2 clusters cannot be absolutely separated based on microsatellite
allele sizes at any locus suggests that they may
exchange genes, though this could also be a
function of homoplasy or deep lineage sorting.
It would be of great interest to know if the 2
clusters identified in my data correspond to
the distinct groups of mtDNA haplotypes that
have been identified in B. tricaudatus in the
San Gabriel Mountains (Webb et al. 2012). I am
currently working on obtaining CO1 sequences
for the mayflies used in this study. Sampling
focused on obtaining sympatric samples of
individuals from both clusters could also help
to determine whether gene exchange is occurring between these 2 groups.
Population Genetic Structure and Dispersal
Despite the fact that dispersal by mayflies
is generally thought to be limited, the majority
of studies that have explicitly looked for a relationship between genetic differentiation and
geographic distance have found none. Smith
et al. (2006), Alexander (2007), Watanabe et al.
(2010), and Baggiano et al. (2011) have documented a specific, significant relationship between geographic distance and genetic dissimilarity for mayflies. In twice as many cases,
the relationship between geographic distance
and genetic dissimilarity has not been statistically significant (Table 4).
In some cases, the absence of a significant
relationship between geographic distance and
genetic differentiation is probably at least partly
due to short distances among sites (Monaghan
et al. 2001, Hughes et al. 2003b). The study by
Rebora et al. (2005) suffers from relatively
short distances among sites and from a very
small number of pairwise contrasts (only 7 contrasts were included in their analysis of isolation by distance). Genetic markers that experience slow rates of mutation were used in
many of these studies, and their use may help
to explain the absence of significant isolation by
distance in other cases that did involve long
distances (e.g., Smith and Collier 2001, Stutz
et al. 2010). In some cases (e.g., Alexander and
Lamp 2008), genetic structure seems to reflect
historical events rather than present-day patterns of dispersal, again suggesting that morerapidly-evolving markers might be necessary
to detect patterns of isolation by distance.
However, in many cases (including this
study), it is likely that a pattern of isolation by

442

WESTERN NORTH AMERICAN NATURALIST

[Volume 74

TABLE 4. Studies that have looked specifically for evidence of genetic isolation by distance (IBD) in mayflies.

Source

Species

Marker

Hughes et al. 2003a

Baetis bicaudatus
Baetis bicaudatus
Baetis rhodani
Acanthophlebia cruentata
Ephemerella invaria
Fallceon quilleri
Bungona narilla
Atalophlebia AV13 A
Atalophlebia AV13 D
Cincticostella elongatula
Callibaetis americanus
Callibaetis americanus

allozymes
mtDNA
microsatellites
mtDNA
AFLPs
mtDNA
mtDNA
mtDNA
mtDNA
RAPDs
mtDNA
rRNA

Rebora et al. 2005
Smith et al. 2006
Alexander 2007
Zickovich and Bohonak 2007
McLean et al. 2008
Baggiano et al. 2011
Watanabe et al. 2010
Stutz et al. 2010

distance is absent not because it is being
obscured but because gene flow is effective
over large distances. The complete absence of
a trend toward isolation by distance in the
larger of the 2 clusters in my data suggests
that dispersal of these mayflies between
streams is frequent enough to prevent significant genetic differentiation from occurring
across the San Bernardino Mountains, even
though adjacent streams may be several kilometers apart and my sampling locations span
63 km from east to west. Because the test for
the second cluster approached significance,
further exploration of isolation by distance in
this group of mayflies is warranted. Given the
ecological similarities between the mayflies
from these 2 clusters, it would be quite interesting if gene flow proved to be more restricted in one than in the other.
Significant differentiation among sampling
locations, as observed in the FST data for both
clusters, should probably not be interpreted
as limitation on dispersal. Funk et al. (2010)
suggest that unrecognized parthenogenetic
reproduction may generate fine-scale genetic
structure despite large-scale gene flow in
mayfly populations. I am currently surveying
populations of B. tricaudatus for evidence of
tychoparthenogenesis, but nothing is known
about when and how frequently this mayfly
may resort to parthenogenetic reproduction in
the wild. Alternately, it has been hypothesized
that, for some stream insects, the individuals
at a particular location may be the products of
a small number of matings (Bunn and Hughes
1997). If this Patchy Recruitment Hypothesis
(PRH) is correct, each sample will be influenced by what is in essence a founder effect.

Max. distance
between
samples

Significant
evidence
for IBD?

16 km
16 km
27 km
325 km
100 km
115 km
195 km
170 km
170 km
101 km
210 km
210 km

no
no
no
yes
yes
no
no
no
yes
yes
no
no

Genetic variation between samples separated
by small distances may be very high, and patterns of genetic differentiation between samples will not be consistent across loci (Bunn
and Hughes 1997). Population genetic patterns
suggesting patchy recruitment have been
observed in a number of studies (Schmidt et
al. 1995, Bunn and Hughes 1997, Gibbs et al.
1998, Hughes et al. 2000, Bilton et al. 2001,
Hughes et al. 2003a, 2003b, Rebora et al.
2005), though results have not overwhelmingly
supported the PRH in all cases (e.g., see Monaghan et al. 2002, Monaghan and Sartori 2009).
The patterns of differentiation among sampling
locations in my data set are certainly consistent with the PRH, particularly in terms of the
inconsistency across loci. A sampling scheme
specifically intended to test the PRH in B. tricaudatus in the San Bernardino Mountains
would be necessary to evaluate this hypothesis.
Because the random effects of patchy recruitment may swamp out the effects of geographic
distance (e.g., see Schmidt et al. 1995, Bunn
and Hughes 1997, Hughes et al. 2003b), such
sampling might also lend more weight to my
finding that there is no pattern of isolation by
distance.
Possible Mechanisms Underlying
Heterozygote Deficiency
A number of mechanisms may account for
the widespread heterozygote deficiencies in
my data. (1) Since the adult lifespan of mayflies is extremely short and because emergence of B. tricaudatus does not appear to be
extremely synchronized (personal observation),
any population of B. tricaudatus almost certainly consists of a number of cohorts that are
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temporally separated, potentially generating a
Wahlund effect. (2) A heterozygote deficiency
could be caused by null alleles, which in the
heterozygous state appear as homozygote
genotypes. (3) Most or all species of mayflies
are thought to have the capacity to reproduce
parthenogenetically. A survey of tychoparthenogenetic reproduction in baetid mayflies found
that such reproduction leads to a considerable
decline in heterozygosity, presumably because
tychoparthenogenesis occurs automictically
(Funk et al. 2010).
The departures from Hardy–Weinberg equilibrium appear to occur randomly across sites
and loci, a pattern that is not consistent with
mechanisms that involve inbreeding, including tychoparthenogenesis (Meglécz et al.
1997). If geographically structured null alleles
were responsible for the observed heterozygote deficiencies, the frequency of unscoreable individuals should correlate with the size
of the heterozygote deficiency across locations, which is not the case, at least for the
larger of the 2 clusters of individuals. For this
first cluster, the hypothesis that a Wahlund
effect is responsible for the heterozygote deficiencies appears most convincing. However, it
is somewhat puzzling that no linkage disequilibrium is seen in this cluster; if each population consists of temporally separated cohorts,
linkage disequilibrium is expected.
For the smaller second cluster of individuals,
the evidence is more complex but not more
conclusive. The relationship between FIS and
the frequency of unscoreable individuals does
approach significance, suggesting the possibility that null alleles are at least partly responsible for deviations from Hardy–Weinberg
equilibrium. The tendency for individuals in
the second cluster to be homozygous at multiple loci perhaps implicates tychoparthenogenesis, though again this tendency only approaches statistical significance.
None of this evidence is capable of definitively eliminating any of the 3 hypotheses for
either cluster of individuals, and the situation
is further complicated by the simultaneous
operation of multiple mechanisms. Further
sampling tailored specifically to address these
hypotheses, a primer redesign that would eliminate some null alleles, and a survey of these
populations at additional microsatellite loci
are required. As noted above, I am currently
surveying populations of B. tricaudatus for
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evidence of tychoparthenogenesis, which may
resolve the extent to which this mechanism
contributes to the observed heterozygote
deficiencies. Finally, the small sample size for
the second cluster of individuals limits my
ability to draw conclusions about its population genetics; more samples from this taxon
are required.
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